Optimization of industrial styrene reactor design for two objectives using the non-dominated sorting genetic algorithm (NSGA) is studied. Both adiabatic and steam-injected reactors are considered. The two objectives are maximization of styrene production and styrene selectivity. The study shows that styrene reactor design can be optimized easily and reliably for two objectives by NSGA. It provides a range of optimal designs, from which the most suitable design can be selected based on other considerations.
INTRODUCTION
Styrene is one of the most important monomers produced worldwide, and finds major use in the production of polystyrene, acrylonitrile-butadiene-styrene resins (ABS), and a variety of miscellaneous polymers in the petrochemical industry. Catalytic dehydrogenation of ethylbenzene is the common process for styrene manufacture, and the average plant capacity is over 100,000 tons/year. Hence, a slight improvement in the selectivity of styrene can increase the profit significantly. This requires an optimal design of the styrene reactor. Sheel and Crowe (1969) are the first to report on modeling and optimization of an industrial styrene reactor. They employed six reactions and a pseudo homogeneous model for modeling both adiabatic and steam-injected reactors. Sheel and Crowe used Rosenbrock's multivariable search technique to optimize a profit function with steam temperature, steam rate, and bed length as the decision variables. Steam split to each of the two beds in the steam-injected reactor was also varied. The results show that existing reactor operation can be improved and that the performance of the steam-injected reactor is better than that of the adiabatic reactor. Clough and Ramirez (1976) developed a dynamic model for a styrene pilot plant reactor based on the main reactions selected by Sheel and Crowe (1969) , and also performed steady state optimization of both adiabatic and steam-injected reactors. Sheppard et al. (1986) selected several kinetic models from the literature and calibrated rate expressions using isothermal integral data provided by catalyst manufactures. Elnashaie et al. (1993) developed a rigorous heterogeneous model for styrene reactor based on dusty gas model for diffusion and reaction in the catalyst pellets. In another study, Elnashaie and Elshishini (1994) employed both pseudo-homogeneous and heterogeneous models for simulating an industrial styrene reactor. Both these works used the six reactions employed by Sheel and Crowe (1969) .
All the optimization studies on styrene reactor reviewed above, involve only a single objective. Recently, Yee et al. (2002) successfully optimized the operation of both adiabatic and steam-injected reactors for multiple objectives using non-dominated sorting genetic algorithm (NSGA). The decision variables are operating conditions such as feed conditions and flow rate. However, additional decision variables are available for optimization at design stage. Hence, in this study, design of styrene reactors is optimized for multiple objectives using NSGA. The results obtained are compared with those for operation optimization of an existing reactor.
PROCESS DESCRIPTION
In a typical styrene production operation, ethylbenzene is mixed with saturated steam and preheated by heat exchange with the reactor effluent. Major portion of saturated steam is superheated to about 1000 K in a furnace. The hot ethylbenzene plus steam stream and this superheated steam to reactor inlet temperature of over 875K (Li and Hubbell, 1982; Denis and Castor, 1992) are injected into the fixed bed catalytic reactor (Fig. 1) . Superheated steam provides the necessary heat of reaction, inhibits coke formation and reduces the partial pressure of styrene and hydrogen to shift the thermodynamic equilibrium in favor of styrene production. Steam is usually added at a molar ratio of 15:1. The reactor effluent is cooled to stop the reactions and then sent to the separation section to recover styrene and unconverted ethylbenzene for recycle.
The six main reactions occurring in a styrene reactor are:
Reaction (1) 
As dehydrogenation of ethylbenzene (Eq. 1) is an endothermic reversible reaction producing two moles of product from one mole of reactant, low pressure and high temperature favor the forward reaction. This reaction results in about 80% conversion of ethylbenzene at equilibrium. However, the time and temperature necessary to achieve this give rise to excessive thermal cracking. The competing thermal reactions (Eqs. 2 and 3) degrade ethylbenzene to benzene and toluene, and reduce the yield. As the rate of formation of by-products increases with Superheated steam: F steam temperature, operating temperature is selected to compromise conversion of ethylbenzene to styrene and by-product formation. To promote high styrene production at low temperature, selective catalyst is employed to minimize side reactions.
REACTOR MODEL
The styrene reactor model used in this study is the pseudo-homogeneous model which assumes conditions on the catalyst surface are the same as bulk conditions (Elnashaie and Elshishini, 1994) . Further, the reactor is assumed to be adiabatic with plug flow and radial uniformity. The rate expressions and kinetic data for six reactions as well as other required data given by Elnashaie and Elshishini (1994) were successfully used by Yee et al. (2002) for modeling the industrial reactor in Elnashaie and Elshishini (1994) by both pseudo-homogeneous and heterogeneous models. Results obtained by Yee et al. (2002) show that both the models predicted reactor exit conditions comparable to the industrial data as well as to those reported in Elnashaie and Elshishini (1994) . Further, the pseudohomogeneous model is simpler to simulate and hence suitable for optimization. For completeness, the governing equations for the pseudo-homogeneous model as well as design and operating conditions of the reactor are summarized in Appendix A. Catalyst activity is considered constant due to lack of available data, even though it varies with both time and reactor length. The results for pseudo-homogeneous model are shown in Table A3 . Computational time for simulating the industrial reactor by pseudo-homogeneous model is 0.062s.
Industrial styrene reactors could be adiabatic or steam-injected type. In the former, ethylbenzene feed and the entire superheated steam are fed at the inlet of reactor. In the latter reactor (see Fig. 1 ), a fraction ( ) of superheated steam is mixed with ethylbenzene at the reactor inlet while the remaining steam is injected at a certain point along the reactor, say, at fraction of the total reactor length. The pseudo-homogeneous model is used to describe both these reactors.
OPTIMIZATION FORMULATION
Since the profitability of a styrene reactor/plant is strongly correlated with the amount of styrene produced (F st ) and cost data vary from plant to pant and from time to time, we have selected F st as one of the objectives. Selectivity of styrene (S st ) also affects economics and hence was chosen as the second objective function. We emphasize that there is no end to the variety of multiobjective optimization problems that can be formulated and studied. Particularly, when considering optimization at the design stage one can use fixed cost and operating cost as the two objective functions, but we did not want to use cost as an objective function since it is time and site specific. After generating a Pareto set for Fst and Sst, one can always calculate overall profit for each of the points on the Pareto set to determine the most meaningful operating point. Maximize:
Maximize: 100
For optimizing the design of an adiabatic reactor, six decision variables with suitable bounds are chosen.
550 < T eb < 800 K (9) 1 < P in < 2.63 bar (10)
The lower bound on ethylbenzene feed temperature, T eb is to ensure that the temperature of ethylbezene and steam mixture at the reactor inlet, T mix1 ( Fig. 1) is high enough for the reaction to occur. The upper bound of T eb is set at 800K to prevent undesirable side reaction before ethylbenzne enters in to the reactor (Clough and Ramirez, 1976) . The range for the inlet pressure, P in is chosen based on the industrial practice.
The lower limit of the steam to ethylbenzene molar ratio, SOR (steam over reactant) is set at 7 to prevent coke formation on the catalyst surface and to remove coke deposits from the catalyst surface thereby regenerating it. However, if SOR is increased to a high value, it will increase operating cost as extra energy is required to produce the excess steam and its subsequent condensation at the downstream of the reactor. The upper bound of SOR is the ratio of total steam flow rate, Sheel and Crowe (1969) and Elnashaie and Elshishini (1994) . As reported in these papers, ethylbenzene feed is assumed to contain 0.67 kmol/h of styrene, 0.11 kmol/h of benzene and 0.88 kmol/h of toluene in addition F o eb kmol/h of pure ethylbenzene. To optimize the steam-injected reactor, the fraction of steam used at the reactor inlet ( ) and the location of the injection port for the remaining steam (expressed as a fraction of the total reactor length, ) are also available in addition to the above six decision variables. The bounds used for these variables are:
The optimization is subject to two constraints:
T mix1 is the temperature of the ethylbenzene and superheated steam mixture entering the reactor inlet ( Fig. 1 ) and T mix2 is temperature of the reacting stream after mixing with the rest of the superheated steam at z = L. The constraints on these temperatures (Eqs. 17 and 18) are based on the minimum temperature required for the reaction to take place and the temperature at which the catalyst starts to deactivate (Clough and Ramirez, 1976) . The pressure at reactor exit, P exit should be more than a certain value, say, 1.4 bar for the exit stream to flow through the heat exchanger at reactor exit.
The optimization programs are often for minimization and maximization of a function (say, J) that can be replaced by another function, I = [1/(1+J)] without the transformation changing the location of the optima. When J is non-zero, the function, I can be simplified as 1/J. The constraints in Eqs. 17 to 19 are combined with each of the objective functions in the form of penalty functions to penalize violation of any of the constraints. The penalty coefficient, 10 4 was successfully used for penalizing violation of T mix in the previous research (Yee et al., 2002) . Use of this value for the constraint on P exit led to its violation, perhaps due to the smaller magnitude of P exit . Therefore, in the present study, a penalty coefficient of 10 8 was selected for the constraint on P exit , and this value gave optimal solutions satisfying the constraint. The optimization problem described above is solved using a version of genetic algorithm suitable for multi-objective problems, referred to as the non-dominated sorting genetic algorithm (NSGA). A brief description of genetic algorithm and NSGA is given in the Appendix B, and more detail information can be found in Yee et al. (2002) . Values of NSGA parameters used in this study, unless otherwise stated, are given in Table 1 . 
RESULTS AND DISCUSSION
The present optimization problem involves two objectives, which are influenced in opposite directions by changes in some decision variables. Such problems have a series of optimal solutions known as Pareto set, which are such that when one moves from one solution to another on the Pareto, one objective improves while the other worsens. Hence, neither of the solutions dominates over each other and all solutions on the Pareto are equally good. One has to use additional information to choose one of the solutions in the Pareto for implementation.
Adiabatic Reactor
The optimization problem for adiabatic reactor design was first solved for the case of P exit > 1.4 bar. The resulting Pareto set is shown in Fig. 2 along with the data for the industrial reactor (Sheel and Crowe, 1969) . It can be observed that the points indeed constitute a Pareto set, that is when we move from one point to another F st increases while S st decreases. One cannot improve both the objectives simultaneously. Each point on the Pareto is associated with a set of decision variables as shown in Fig. 3 . Values of objectives and decision variables corresponding to selected points on the Pareto are shown in From Table 2 , we find that from point A to C, F st increases while S st decreases and T eb also increases from 675 to 785 K. The decrease in S st is primarily due to the increase in T eb . As can be seen in Fig. 3 and Table 2, multi-objective optimization are much better than the industrial data. However, P exit for the latter is 2.32 bar, higher than the lower limit of 1.4 bar used in the design optimization. Since pressure affects reactor performance and to make a fair comparison, multi-objective optimization was performed using P exit > 2.32 bar as the constraint. Comparison of the Pareto sets (Fig. 2) shows that high P exit leads to lower selectivity and styrene flow rate. Values of objectives and decision variables for two chromosomes (D and E) on the Pareto for higher pressure and in the neighborhood of the industrial point are also shown in Table 2 . These show that the multi-objective optimization result is better than the existing reactor: for the same F st , S st improves from 85.45 to 87.07% while for the same S st , F st increases from 15.57 to 16.31 kmol/h; however, a larger reactor is required to achieve this since both the optimum D and L/D values are higher than the industrial operating point. To confirm the benefit of optimization, another trial has also been done holding the reactor dimensions the same as those of the industrial reactor and shown in the Fig. 2 as open circles (existing reactor) . The Pareto is shown in Fig. 2 and the operating conditions for two chromosomes, F and G in Fig. 2 are shown in Table 2 . Even for the
same reactor, optimal solutions given by points F and G are superior to the industrial operation. This shows that the operation of the industrial reactor can be improved to achieve higher F st and/or S st . In general, multi-objective optimization gives a broad range of optimal points for better understanding and for selecting the most suitable point meeting the plant requirements. Depending on location and cost of reactants and products, one can calculate profit for each of the points in the Pareto set to determine the most favorable optimum operating point.
The decision variables corresponding to the points on the Pareto for design optimization with P exit > 1.4 bar are plotted against one of the objectives, F st in Figs. 3(a) to (f) . These figures show that the optimum values of P in , SOR, F o eb and D are nearly constant. Optimum L/D shows some scatter in the range 0.8 to 1.1. When simulation was performed using different values of L/D in the optimum range it was found that the effect of L/D is insensitive to the objective function values. Only T eb has a strong and conflicting effect on S st and F st (Fig. 3(a) ). Low T eb gives high selectivity but lower F st whereas high T eb is required for achieving larger F st albeit at lower selectivity. Reactor inlet pressure is selected close to the lower bound since lower pressure favors the forward path of the main reaction (Eq. 1). The optimal F o eb is at the upper bound because high reactant flow rate will produce more styrene. High SOR shifts the main reaction (Eq.1) in the forward direction. The optimal SOR is the highest possible subject to the bound in Eq. 11. Larger diameter and consequently area of the reactor is good for conversion according to mass balances; but temperature drops with conversion thus decreasing further reaction. Optimal diameter is about 2.7 m. In a similar way, L/D beyond a certain value does not increase styrene flow rate and selectivity as temperature decreases due to the reaction. Fig. 1 shows the configuration of a steam-injected reactor in which the total superheated steam is divided into two portions: one part ( F steam ) is introduced at the reactor inlet while the remaining portion [(1-)F steam ] is injected at some location along the reactor length (z = L) to achieve pseudo-isothermal condition. The Pareto sets for both adiabatic and steam-injected reactors in Fig. 2 reveal that the latter gives a better optimal result with higher F st and S st . Values of eight decision variables associated with the two Paretos in Fig. 2 , are shown in Fig. 3 . Note that and = 1 are not involved in the adiabatic reactor. Optimal values of T eb , P in , SOR, F o eb and D in the case of steam-injected reactor are similar to those of the adiabatic reactor. The optimal L/D is some what higher and more scattered for steam-injected reactor compared to that for adiabatic reactor. Once again it was found that effect of L/D is insensitive to the objective function values in the optimum range. Fig. 3(h) shows that the optimal value of steam split is about 70% injected at the reactor inlet, with rest of the steam injected at about 20% of the reactor length (Fig. 3(g) . Table 3 lists values of objectives and decision variables corresponding to three chromosomes, H, I and J selected from the Pareto for steam-injected reactor in Fig. 3 . The temperature, yield and pressure profiles for these three chromosomes are shown in Fig. 5 . From Table  3 , we find that from point H to point J, F st increases while S st decreases and T eb also increases from 714 to 798 K. This trend is as for adiabatic reactor. The temperature profile in Fig. 5(a) , as expected, shows a jump of about 40 K at the steam injection point. Yield and pressure profiles for the steam-injected case are similar to those for adiabatic reactor (Fig. 4) except for better yield. Note that pressure profiles in Fug. 4c and 5c are quite insensitive for different chromosomes. 
Steam-injected Reactor

CONCLUSIONS
Multiobjective optimization of styrene reactors design for both adiabatic and steam-injected was formulated, and then solved by NSGA. Pareto optimal sets were successfully obtained for all situations considered. The Pareto optimal sets and operating conditions for all cases can be explained qualitatively, showing that the multiobjective optimization results obtained by NSGA are reliable. The results of multiobjective optimization shows that objectives, production rate and selectivity can be improved compared to the current operating condition. As expected, steaminjected is better than adiabatic operation. The governing equations for the pseudo-homogeneous model, which was used for the multiobjective optimization, are given below (Sheel and Crowe, 1969; Elnashaie and Elshishini, 1994) .
NOTATION
Mass balance:
where X i is the fractional conversion of ethyl benzene in each of the three reactions, i = 1, 2 and 3. For the other three reactions, i = 4, 5 and 6, X i is given by
Energy balance: Rate expression and kinetic data for the six reactions are summarized in Table A1 , while the design and operating conditions for an industrial reactor are shown in Table A2 . The predicted results by the model are compared with the industrial data in Table A3 . Table A1 . Rate expression and data for the six reactions (Elnashaie and Elshishini, 1994 Notes: k i (kmol/kg/s/bar n ) = exp(A i -E i /RT); p refers to partial pressure of the reactant given in the subscript; equilibrium constant, K eb for reaction 1 is given by exp [-(122,725-126.3T-0.002194T 2 )/8.314T]. Table A2 . Design and Operating Conditions for the industrial reactor (Sheel & Crowe, 1969; Elnashaie & Elshishini, 1994 (Sheel and Crowe, 1969; Elnashaie and Elshishini, 1994 
